We study dipolar relaxation of a chromium Bose-Einstein condensate loaded into a three-dimensional (3D) optical lattice. We observe dipolar relaxation resonances when the magnetic energy released during the inelastic collision matches an excitation towards higher-energy bands. Spectroscopy of these resonances for two orientations of the magnetic field provides a 3D band spectroscopy of the lattice. The narrowest resonance is registered for the lowest excitation energy. Its line shape is sensitive to the on-site interaction energy. We use such sensitivity to probe number squeezing in a Mott insulator. Quantum dipolar gases have attracted much attention in recent years [1] [2] [3] . Following the seminal studies of Cr BoseEinstein condensates (BECs) [4] [5] [6] [7] and the recent production of Er [8] and Dy [9, 10] quantum gases, it is natural to study dipolar gases confined in optical lattices. Dipolar gases in lattices provide an ideal playground for studying quantum phase transitions in a system with long-range interactions. The unique properties of dipole-dipole interactions (DDIs) present direct similarities with the Heisenberg model of quantum magnetism [11] [12] [13] [14] and lead to novel quantum phases displaying possible long-range ordering in lattices [15] [16] [17] . The nonlinear coupling between spin and orbital degrees of freedom provided by dipolar interactions [18] [19] [20] [21] [22] [23] is particularly interesting. Although at large magnetic field, this coupling leads to fast dipolar relaxation losses for atoms in excited spin states [24] , we have recently demonstrated that working at low magnetic field enables the study of multicomponent quantum gases with free magnetization [25, 26] . Here we extend this research to include dipolar particles trapped in optical lattices and directly observe discrete, atom-number-dependent coupling between spin and orbital degrees of freedom.
Quantum dipolar gases have attracted much attention in recent years [1] [2] [3] . Following the seminal studies of Cr BoseEinstein condensates (BECs) [4] [5] [6] [7] and the recent production of Er [8] and Dy [9, 10] quantum gases, it is natural to study dipolar gases confined in optical lattices. Dipolar gases in lattices provide an ideal playground for studying quantum phase transitions in a system with long-range interactions. The unique properties of dipole-dipole interactions (DDIs) present direct similarities with the Heisenberg model of quantum magnetism [11] [12] [13] [14] and lead to novel quantum phases displaying possible long-range ordering in lattices [15] [16] [17] . The nonlinear coupling between spin and orbital degrees of freedom provided by dipolar interactions [18] [19] [20] [21] [22] [23] is particularly interesting. Although at large magnetic field, this coupling leads to fast dipolar relaxation losses for atoms in excited spin states [24] , we have recently demonstrated that working at low magnetic field enables the study of multicomponent quantum gases with free magnetization [25, 26] . Here we extend this research to include dipolar particles trapped in optical lattices and directly observe discrete, atom-number-dependent coupling between spin and orbital degrees of freedom.
We study the magnetization dynamics of 52 Cr atoms loaded in a deep three-dimensional (3D) optical lattice. Under our experimental conditions, we produce a Mott insulator state with a core of two particles per site [27, 28] . Compared to our previous results in two-dimensional (2D) optical lattices [23] , the 3D confinement allows us to reach a new regime, where on-site dipolar relaxation is inhibited unless the released magnetic energy matches a lattice band excitation: dipolar relaxation is a resonant process. The interplay between the anisotropies of dipolar interaction and of lattice sites leads to a resonance spectrum which depends on the magnetic-field orientation. Measuring demagnetization as a function of the magnetic field for two orientations allows for spectroscopy of the 3D lattice band structure. We operate in an asymmetric 3D lattice such that the narrowest resonance is found to be sensitive to the on-site atom-number distribution and reveals the number-squeezed distribution of the Mott state. Changing our experimental conditions, we prepare sites containing three atoms. Spin-orbit coupling DDI then produces three-body states that are expected to have entangled spin and orbital degrees of freedom.
We produce a 52 Cr BEC (with spin S = 3) with typically N = 1.5 × 10 4 atoms by forced evaporation in the lowestenergy state |m S = −3 in a crossed optical dipole trap derived from a fiber laser at 1075 nm [29] (m S is the spin projection along the magnetic field). The BEC is loaded adiabatically in a 3D optical lattice, generated using 4 W of a single-mode laser at λ = 532 nm. A 2D horizontal lattice is created by the interference of three beams: two beams are counterpropagating, and the third intersects the retroreflected pair at 45
• . The resulting 2D lattice is rectangular with a periodicity of λ/(2 cos ) along the Oy direction. In the vertical direction an independent 1D lattice is created by a vertical retroreflected beam with horizontal polarization. The 1/e 2 beams' radii at the BEC position are 60(10) μm. The lattice depth is measured by Kapitza-Dirac diffraction [30] to be 25 E R (with E R = h 2 /2mλ 2 being the recoil energy), corresponding to first band excitation frequencies of ω x /2π = 170(10) kHz, ω y /2π = 55(5) kHz, and ω z /2π = 100(10) kHz.
For most of the experiments presented here, we load the optical lattice adiabatically in 40 ms. Although the lattice geometry is complicated by its anisotropy and we do not expect a fully adiabatic crossing towards the Mott state, this loading time scale allows us to remain close to the ground state. This is confirmed by adiabatically ramping down the lattice at the same speed, in which case a BEC with only few excitations is recovered. For our experimental parameters, the predicted Mott state is made of a central region with double occupancy surrounded by a single-occupancy shell.
Once the lattice is loaded, atoms are adiabatically transferred from |m S = −3 ≡ |−3 to the highest-energy state |3 by means of a 5-ms rf sweep (the efficiency of rf sweeps is 85%). Once atoms are transferred to |3 , dipolar relaxation is allowed. After a given time, the magnetization is again reversed using a second rf sweep (this step is performed only to optimize the detection), the optical lattice is switched off in 1 ms, and the populations in the different magnetic states are monitored by a Stern Gerlach analysis [ Fig. 1(b)] .
We obtain two different behaviors as a function of the magnetic-field amplitude B, i.e., whether the Larmor frequencyhω Lar = g S μ B B is smaller or larger than the lattice depth V 0 (μ B is the Bohr magneton, and g S = 2 is the Landé factor). For large magnetic fields,hω Lar > V 0 , we observe a nonexponential loss dynamics: the atom number rapidly decreases before reaching a nonzero steady value, and then no losses are observed for tens of milliseconds. Losses are due to dipolar relaxation between atoms occupying the same site, and they stop when only single-occupancy sites remain.
At low magnetic field,hω Lar V 0 , no losses are observed, as atoms remain trapped after dipolar relaxation. We instead observe a demagnetization dynamics that reveals a transfer of atoms from |3 to |2 and then to lower-energy magnetic states [ Fig. 1(b) ]. For a fixed relaxation time we registered the final population in |3 as a function of the magnetic-field amplitude. The spectra presented in Fig. 2 show resonance peaks which we interpret as the consequence of total-energy conservation: for a pair of atoms initially in the vibrational ground state of one lattice site, spin relaxation only occurs if the released magnetic energy matches a band excitation. We obtain two different spectra for two orthogonal directions of the magnetic field B. This shows that dipolar relaxation couples the initial state to different lattice bands depending on the orientation of B relative to the geometry of a lattice site.
To interpret our data, we consider a simple theoretical model with two particles in a purely 3D harmonic anisotropic potential (with frequencies ω x ,ω y ,ω z ), describing one lattice site. Dynamics is determined by the dipole-dipole
, μ 0 is the magnetic constant, r = r 1 − r 2 is the relative coordinate, and S i is the spin operator for atom i. In the presence of an harmonic confinement, the center of mass and the relative motions are decoupled. DDIs affect only the relative motions; therefore only the relative coordinates need to be considered, with eigenstate |n x ,n y ,n z . For the magnetic state of the pair, we use the molecular basis |S M ,m M where S M is the total spin, and m M is the spin projection. The energy is given by E n,m M = ih ω i (n i + From this initial state, due to DDIs, three spinrelaxation channels are possible with final spin states |6,5 , |6,4 , and |4,4 [24] . The couplings to these three final states are described by the DDI coupling As sketched in Fig. 1 the Zeeman energy is converted into excitation to a higher orbital state |n x ,n y ,n z . Due to the dependence of V 1,2,3 on x ,y , and z , the selection rules and the coupling strengths to the final orbital states strongly depend on the orientation of the magnetic field B. This explains the difference between the two registered spectra (see Fig. 2) for B along Ox and Oy, respectively. DDIs couple the initial orbital state with orbital excited states with even total symmetry. Additional specific selections rules are derived from the parity of V 1,2,3 in the three directions x ,y ,z . In practice, most of the resonances observed in Fig. 2 are attributed to channels 2 and 3. The observed resonances correspond to a rate of the order of 100 Hz, in good agreement with a calculation of the coupling strengths i| V 1,2,3 |f . The relative coupling strengths are represented by the peak amplitudes in Fig. 2 , and we also give the their value in the Supplemental Material [31] .
A striking observation in Fig. 2 is that resonances widen as the excitation energy increases, so that they are well isolated only at low magnetic field. The main source of broadening is the increasing bandwidth for higher-energy lattices bands (represented by the shadows around the peaks in Fig. 2 ). Due to large lattice periodicity in the y direction, the tunneling rate is small even for the second excited band corresponding to the lowest-energy resonance at ω Lar = ω y = 2π × 55 kHz, but it increases rapidly for excited bands in the other directions (as represented in Fig. 2) . Magnetic field and lattice depth fluctuations are broadening the resonances at the 10-kHz level for data shown in Fig. 2 . Another cause of broadening is cascading dipolar processes corresponding to excitations to higher bands, whose energies are not equally spaced due to anharmonicity (at the 2-kHz level). Cascading is indeed observed in our experiment in which states down to |m S = −2 are produced at long times [ Fig. 1(b) ]. Inhomogeneous broadening of the band structure due to the finite size of the lattice beams is of the order of 500 Hz.
The lowest-frequency resonance has a small broadening due to tunneling (100 Hz), which potentially allows us to reveal the role of on-site interactions. This resonance occurs at ω Lar = ω y , corresponding to an orbital excitation of 2 units (2hω y ) and a change in Zeeman energy of 2g S μ B B (the coupling operators are V 2 and V 3 ). In the rest of this Rapid Communication we focus on this resonance. For these measurements, shown in Fig. 3(a) after 11.5 ms of relaxation, the magnetic field and the laser intensity were actively stabilized to reduce technical broadening. These data were also registered at slightly lower lattice depth than for Fig. 2 [as sketched in Fig. 3(b) ]. We calculate the interaction energy shifts of the initial and final states i and f using first-order perturbation theory assuming a harmonic trap.
For two particles in the same site, the on-site energy shift of the initial state |i is given by i = 0 , where 0 = (m/ h) As the initial state is more confined than the final ones, on-site interactions induce a global redshift of the resonance (about 2.5 kHz) and a splitting of the resonance into two peaks [separated by 0.85 kHz; see Fig. 3(a) ] corresponding to two molecular potentials. We do not resolve the two resonances for two atoms per site, likely due to broadening associated with residual magnetic-field fluctuations and lattice inhomogeneities.
In another set of measurements, we have loaded the lattice faster (in less than 5 ms), which results in a statistical distribution of lattice sites with different occupation numbers [32] . As shown in Fig. 3(c) , the observed dipolar resonance strongly broadens when the loading time is short, which is a direct consequence of the average increased number of particles per site, leading to increased on-site interaction. We further observe [ Fig. 3(a) , blue triangles] that the line shape of the resonance is then completely modified. It presents a multiresonant structure that we interpret below as due to dipolar relaxation within sites containing three atoms. For atoms in stretched states, the on-site interaction shift scales with the number of pairs. However, this is not the case when the spin degree of freedom is released and the previous result with two atoms per site cannot be simply scaled by the number of pairs. For this specific case with three atoms per site we will now show that DDIs couple the initial state to four different fully symmetric states, two of them having entangled spin and orbit. The observed multiresonant structure originates from these states.
To solve the case of three atoms per site, we have used the Jacobi coordinates: the orbital part of the threebody wave function can be described by the center-of-mass coordinate and two relative coordinates (see the Supplemental Material). As in the previous two-body problem, the centerof-mass motion is decoupled, and the total magnetization decreases by two units as the orbital energy increases by 2hω y . The initial state has maximal magnetization M = 9, and each particle is in the ground state of the harmonic oscillator. The shift of this initial stretched state is i = 3 0 .
We find four final bosonic states without center-of-mass excitation, a total magnetization M = 7, and excitation energy of 2hω y . The shifts are given by the expres- Two of these four states are of the form |O ⊗ |S , where |O and |S are symmetrical states of the orbital and spin parts, respectively. The two others are entangled states of orbital and spin degrees of freedom. Similar states produced by spinchanging collisions have also been discussed in the context of Fermi spinor gases [33] .
The broadened resonance at fast loading signals that sites with more than two atoms are then statistically produced. This is further shown by the relatively good agreement between our theoretical model and the experimental data (see Fig. 3 ). This is an indication that three-body states with entangled spin and orbital degrees of freedom might be produced. This would enable interesting experiments where correlated tunneling of these exotic states could be studied.
These data are also relevant from the many-body point of view. Indeed, Fig. 3 (a) also shows that, provided the lattice is loaded slowly, no sites with three atoms are produced. This is the indication that a squeezed atom distribution peculiar to the Mott state has been reached. On the other hand, for a short loading time sites with three atoms are produced [32] . In Fig. 3(c) we show the resulting increase of the resonance width for loading times shorter than 5 ms. This adiabatic time scale is comparable to the trap period, which suggests that the breakdown of adiabaticity for fast loading arises from a time scale that is so short that the cloud does not have time to swell to reach the ground state of the system.
In conclusion, we have observed anisotropic dipolar resonances that couple the spin and the orbital degrees of freedom of bosons in a 3D lattice. We have focused on the narrowest resonance which could be used to engineer few-body entangled states and to probe the atom-number distribution in the Mott state. Dipolar resonances produce correlated states whose tunneling properties would be interesting to study. An interesting prospect would also be to reach the coherent regime. For example, starting from atoms in |−2 , one might expect Rabi oscillations coupling states of different magnetization and different orbital states. Finally, we also stress that away from dipolar resonances, the magnetization is fixed, and the gas is stable. This has very important consequences, as this system is then a good candidate to study lattice magnetism at constant magnetization, with interesting connections to quantum magnetism [12] [13] [14] 34] . The magnetic stability away from dipolar relaxation resonances displays similarities with the stability of quantum dots discussed in the context of quantum information computing [35] .
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